Although the catechins and their derivatives are known to occur in many foodstuffs of plant origin, intea and in cocoa (Roberts & Wood, 1953; Forsyth, 1955; Griffiths, 1960) , the metabolic fate of ingested (+ )-catechin in the mammal has hitherto remained largely unknown.
were used. The animals were housed in separate metabolism cages, designed to permit the oollection of urine separately from faeces. The animals were fed at 24 hr. intervals before the period of urine collection but unrestricted water intake was allowed throughout the experimental period.
Diet. The animals were fed on a standardized powdertype diet of the following composition: white flour, 600 g.; dried milk, 200 g.; dried yeast powder, 30g.; sodium chloride, lOg. Approx. 15g . of the food powder was given to each animal per day during the period of the experiment.
In designing this diet, an attempt was made to formulate a natural diet in which the content of flavonoid and other plant phenolic constituents could be restricted to a low level without diminishing the normal aromatic-amino acid content of the diet.
Test sub8tance. (+ )-Catechin was obtained from L. Light and Co., Colnbrook, Bucks. After recrystallization, the substance was shown to be chromatographically pure, m.p.
2190.
For oral administration, the test substance was given in admixture with the diet at the doses stated.
For intraperitoneal admiistration, the test substance was dissolved in 5 or 10 ml. of0.9 % sodium chloride and the solution sterilized by means of a bacterial filter before injection.
CoUeetion ofurine. The 24 hr. urine samples were collected over a period of 3-7 days, as stated in the text. A few drops of cone. HCI were added to the urine during the period of collection to stabilize the alkali-labile phenolic compounds and to decrease bacterial activity in the urine.
Preparation of urinary extractsfor chromatography. Each of the 24 hr. urine samples was filtered and made up to 50 ml with distilled water, sufficient cone. HC1 being added to adjust the pH of the diluted urine to about pH 1. A 12B5 ml. portion of each sample was extracted in a liquid extracter with diethyl ether (analytical reagent) for about 6 hr., after which the ether extracts were evaporated to 2 mL in a vacuum oven at 600.
Acid hydrolysis of urine. The routine procedure followed that of Booth et al. (1956) and Armstrong, Shaw & Wall (1956) . Unhydrolysed urines were extracted to avoid the possible destruction of acid-labile compounds, but acidhydrolysed urines were also examined for the presence of conjugated metabolites. Conc. HCI (2 ml.) was added to 10 ml. of fresh urine, and the mixture was boiled under reflux for 30 min., cooled and filtered. The hydrolysate was then extracted with ether by the standard procedure.
Preparation of faecal extrad8 for chromatography. The 24 hr. samples were macerated in hot methanol (10 ml.), a further 10 ml. of methanol was added, and the mixture stirred and then left for 1 hr. The suspension was filtered and the extract dried at 600 in a vacuum oven. After cooling, the residue was shaken with 10 ml. ofether and allowed to stand for 30 min. The ethereal extract was filtered offand evaporated to 2 ml. Portions (0-2 ml.) were applied to the chromatogram.
Preparation of chromatography paper. Whatman no. 1 paper was employed for normal qualitative chromatography. When ultraviolet-absorption spectra were to be determined on the separated metabolites, Whatman no.Solvent systems. Two sets of solvent systems were used: system A, propan-2-ol-aq. ammonia (sp.gr. 0-88)-water (8: 1: 1, by vol.) (Armstrong et al. 1956 ) followed by benzene-acetio acid-water (6:7:3, by vol.) (Griffiths, 1957) ; system B, chloroform-acetic acid-water (2:1:1, by voL) followed by 20% (w/v) KCI (Booth et al. 1956 ).
Although system A gave better results, system B was of value in the identification of alkali-labile compounds, including (+)-catechin, which underwent decomposition in system A.
A third two-dimensional solvent system (C), butan-l-olacetic acid-water (4:1:5, by vol.) and 2% (v/v) acetic acid (Roberts & Wood, 1953) , was used to confirm the presence of ( + )-catechin in urinaryextracts. All identifications were based on the use of markers and co-chromatography rather than recorded RF values.
Spray reagents. The reagent of Barton, Evans & Gardner (1952) normally was used for the detection of phenolic compounds, but duplicate chromatograms were sprayed with diazotized p-nitroaniline (Swain, 1953) or diazotized suiphanilic acid (Smith, 1960) . The diazotizedp-nitroaniline reagent gives a wide range of colours with the phenolio acids, and closely running compounds could be distinguished by differences in colour and shade.
A p-dimethylaminobenzaldehyde reagent prepared as described by Smith (1960) (40 cm.) with the propan-2-ol-sq. ammonia (sp.gr. 0-88)-water solvent and, after being dried, the marker strips were sprayed with diazotized p.nitroaniline to locate the main band. The paper strip containing the phenolic acid was cut into small fragments and eluted with methanol (3 x 10 ml.). The extract was evaporated to 2 ml. in vacuo and applied to a second chromatogram which was developed with benzene-acetic acid-water. The appropriate band was eluted with 3 x 7 ml. of diethyl ether-ethanol (1:1, v/v). After evaporation in vacuo the residue was dissolved in 25 ml. of distilled water and this solution used for the colorimetric determination. Folin-Ciocalteu reagent (1 ml.) and 2 ml. of 20% (w/v) sodium carbonate were added to appropriate samples, and the volume was adjusted to 25 ml. Colours were measured after 2 hr. in an EEL photoelectric colorimeter with a Chance OR2 orange filter.
Standard curves over the range 0-200 pg. were prepared for each of the phenolic acids determined.
The efficiency of the method was examined by adding appropriate phenolic acid samples to specimens of urine, when recoveries of about 96% of the phenolic acid were obtained.
Determination of ultraviolet-absorption spectra of phenolic acids. The aqueous eluates (about 20 ml.) obtained from band chromatograms were made alkaline by the addition of an equal volume of 0-1 M-sodium carbonate and shaken with 3 x 10 ml. of diethyl ether to remove any remaining neutral ultraviolet-absorbing impurities. (Ifnecessary, the washing procedure was repeated.) The alkaline solution was then acidified to pH 1-2 with conc. HCI and re-extracted with 3 x 10 ml. of diethyl ether. The pooled ethereal extracts were dried in vacuo and the residues redissolved in 25 ml. of 0-1N-NaOH or in 25 ml. of 0-1-HCl. The ultravioletabsorption spectra were determined in a Spectronic 505 recording spectrophotometer.
Determination of (+ )-catechin. The volume of the urine was made to 100 ml. with distilled water and extracts were prepared by the standard technique. The extracts were fractionated by band chromatography in (1) chloroformacetic acid-water and (2) butan-l-ol-acetic acid-water. The appropriate band was located by spraying side strips with diazotized p-nitroaniline, and the (+)-catechin was eluted with ethanol. A sample ofthe ethanolic solution was used for the determination of the ultraviolet-absorption spectrum. A further sample was dried and made up to 25 ml. with distilled water for colorimetric determination by the procedure used for the phenolic acids, catechin being used to prepare the standard curve.
RESULTS
Phenolic constituents of urine of rats given the standard diet. A group of six rats were given the standard diet over a period of 3 weeks, and during the third week the urine was collected at 24 hr. intervals. Examination of the extracts by chromatography indicated the presence of several phenolic substances reacting with both the phenolic reagent of Barton et al. (1952) and the diazotized p-nitroaniline reagent (Fig. 1) . The major phenolic constituent was provisionally identified as p-hydroxyphenylacetic acid. Smaller amounts of substances showing similar chromatographic behaviour to p-hydroxyphenylpropionic acid, p-hydroxybenzoio acid and m-hydroxyhippuric acid were also present. An unidentified compound (spot 6) giving a strong yellow colour with diazotized p-nitroaniline was found to be a constant constituent of the urine under these conditions. In view of the low content of phenolic compounds in the diet, it is thought likely that most of these compounds are metabolites of dietary tyrosine. The identification of p-hydroxyphenylacetic acid, p-hydroxyphenylpropionic acid, p-hydroxybenzoic acid and mhydroxyhippuric acid, and trace amounts of mhydroxyphenylpropionic acid, was subsequently confirmed by examination in solvent system B (Fig. 2) .
Extracts from both hydrolysed and unhydrolysed urine were then examined by paper chromatography. The acid-hydrolysed urines contained larger amounts of p-hydroxybenzoic acid, indicating that this substance was present in a conjugated form. A new spot (spot 14) appearing on the chro-174 1964 matograms of the hydrolysed extract was identified as m-hydroxybenzoic acid. No other conjugated phenolic acids were present.
Metabolite8 of (+ )-catechin In the first series of experiments a group of 12 rats maintained for the preceding 14 days on the standard diet were divided into two groups. A single oral dose of 50 mg. of catechin was given to each rat of the first group only, in admixture with the standard diet. Both groups were then maintained on the standard diet. The 24 hr. urine samples collected over 4 days were extracted by the standard 08 06V04 Co 0 0 CB 10 procedure. Examination of the extracts in solvent system A followed by spraying with the reagent of Barton et al. (1952) showed the presence of spots 2, 3, 4, 5 and 10 on the chromatograms of the catechin-fed rats; these spots were absent or present in greatly diminished amounts on the control chromatograms. Of these compounds, spot 2 has been identified as free m-hydroxyphenylpropionic acid and spot 3 as m-hydroxyhippuric acid. Spots 4, 5 and 10 were not identified.
Identification of m-hydroxyhippuric acid. Cochromatography in systems A and B showed that the chromatographic behaviour of the compound corresponding to spot 3 was identical with that of m-hydroxyhippuric acid ( Figs. 1 and 2 ). Both gave an orange-yellow colour with thep-dimethylaminobenzaldehyde reagent (which is specific for benzoylglycines; Smith, 1960) and a positive reaction with the phenoic reagent of Barton et al. (1952 L. A. GRIFFITHS ultraviolet spectroscopy by the procedure described in the Experimental section.
Examination of the ultraviolet-absorption spectra of the compound corresponding to spot 3 revealed an absorption peak at 295 m,u in 0-1N-hydrochloric acid. A characteristic bathochromic displacement to 315 mu was observed when the compound was examined in 0*1 K-sodium hydroxide. These spectral characteristics were identical with those shown by pure solutions of m-hydroxyhippuric acid. After hydrolysis with 20 % (v/v) hydrochloric acid, m-hydroxybenzoic acid was identified by chromatographic comparison with authentic material. The ultraviolet-absorption spectral characteristics were also shown to be identical, absorption maxima being present at 293 m,u in 0-1N-hydrochloric acid and at 312 mu in 0-1 N-sodium hydroxide. Similar ultraviolet fluorescence was shown by both preparations. Glycine was detected in the hydrolysate by ninhydrin treatment of chromatograms developed in phenolwater (4:1, w/v) and butan-l-ol-pyridine-water (1: 1: 1, by vol.). On spraying with the o-phthalaldehyde reagent, a yellow-green coloration was observed, which is known to be a specific colour reaction for glycine (Patton & Foreman, 1949) .
Identification of m-hydroxyphenylpropionic acid. It was shown previously (Griffiths, 1962 ) that the chromatographic properties of the compound corresponding to spot 2 were identical with those of m-hydroxyphenylpropionic acid (Figs. 1 and 2) .
Supporting evidence was obtained by the determination of the ultraviolet-absorption spectra. Solutions of the metabolite were prepared for ultraviolet spectroscopy by the standard procedure. Exination in 0-1K-hydrochloric acid revealed an absorption maximum at 272 m,u, whereas in 0-1N-sodium hydroxide a bathochromic displacement of the peak to 290 mb occurred and a second maximum was seen at 239 m,u. These values were identical with those obtained with solutions of pure mhydroxyphenylpropionic acid.
With solvent system B the presence of two further compounds was shown. One (spot 15) gave a strong brown colour with diazotized p-nitroaniline and a positive reaction with the reagent of Barton et al. (1952) . This compound had chromatographic properties identical with those of an authentic specimen of (+ )-catechin. The identification was confirmed by examination in solvent system C (Rp 0-75 in butan-l-ol-acetic acid-water; Rp 0-40 in 2 % acetic acid). The ultravioletabsorption spectrum of the eluate was identical with that of a pure specimen of ( + )-catechin, giving a well-defined maximum at 282 m,u.
The second compound (spot 16) gave a purple colour with diazotized p-nitroaniline and a red colour (rapidly darkening) with diazotized sulphanilic acid. This compound was tentatively identified as 3,4-dihydroxyphenylacetic acid. This compound was found in very small amounts and was not formed by all rats examined. Failure to detect this compound with solvent system A is attributable to its lability in the presence of ammonia.
Although the spot due to unchanged (+ )-catechin was maximal in the first 24 hr. sample, the metabolic products of catechin appeared later, reaching maximal amounts on the second and third day. Examination of the hydrolysed urine samples from catechin-fed rats showed that m-hydroxyphenylpropionic acid was present not only in the free form but also as a conjugate. Two catechin metabolites (spots 9 and 14) not detected in the unhydrolysed urine were also released by acid hydrolysis. Spot 14 was identified as m-hydroxybenzoic acid.
The amounts of m-hydroxyphenylpropionic acid, m-hydroxyhippuric acid and (+)-catechin in the urine of catechin-fed rats were next determined by the colorimetric procedure. The urines obtained on each day of the experiment were pooled and submitted to the quantitative procedure. The results of this and similar experiments (Tables 1 and 2 Participation of the intestinal microflora in the metabolism of (+ )-catechin in the rat Experiments with orally administered antibiotiCs.
Of 12 animals maintained for the preceding 14 days on the standard diet, six were given (+ )-catechin (20 mg. daily) for 7 days. From the fourth day, in addition to the catechin, 70 mg. of phthaloylsulphathiazole and 50 mg. of aureomycin were added daily to the powder diet of three of these animals (group B), and the other three (group A) were given the antibiotic-free catechin-supplemented diet. A third group C, was given the catechinfree diet to which the antibacterial compounds were added from the fourth day, and a fourth group, D, received the basal diet without supplement. During the first 3 days of the experiment the formation of m-hydroxyphenylpropionic acid, m-hydroxyhippuric acid and the compounds corresponding to spots 4, 5 and 10 were demonstrated chromatographically in all the animals receiving catechin.
12
On the addition of phthaloylsulphathiazole and aureomycin to the diet of group B, a decrease in the size and intensity of these spots occurred. By the seventh day, m-hydroxyphenylpropionic acid and spots 4, 5 and 10 had completely disappeared from the chromatograms, and the amount of m-hydroxyhippuric acid had fallen to the level of that present on the control chromatograms. No decrease in the amount of these phenolic acids occurred on the chromatograms from the control group A. In group D, only trace quantities of these phenolic acids were present. Spots 11 and 13 were detected only on the chromatograms from antibiotic-fed rats.
Since they were present in the urine of rats (group C) in which the antibiotics were given in the absence of (+ )-catechin it was evident that they were metabolites of one or other of the antibacterial compounds. Separate feeding of each of the antibacterial compounds showed that compounds 11 and 13 are metabolites of phthaloylsulphathiazole. The effect of antibacterial compounds on the formation of m-hydroxyhippuric acid and of mhydroxyphenylpropionic acid was next studied by the colorimetric technique. The results are shown in Table 2 . The marked elevation in the values of mhydroxyhippuric acid and m-hydroxyphenyl- Bioch. 1964, 92 Vol. 92 177
propionic acid after the administration of catechin is completely abolished in group B by the administration of the antibacterial compounds, and a decrease in the formation of these compounds on the unsupplemented standard diet is also seen in group C in the presence of the antibacterial substances. In group D, the amounts of m-hydroxyphenylpropionic acid and m-hydroxyhippuric acid remained low throughout the experiment.
Examination of urinary phenolic compound8 after the intraperitoneal administration of (+ )-catechin A group of six rats was taken, three of which were injected intraperitoneally with 20 mg. of (+ )-catechin in 5 ml. of 0 9 % sodium chloride, and the urines were collected for 3 days. Under these conditions, no phenolic metabolites of catechin were found in the urine. The only differencebetween chromatograms of the experimental andthe control group was the presence of a large amount of ( + )-catechin on the former, which appeared during the first 24 hr. after injection.
Examination offaeces for phenolic metabolites of orally administered (+ )-catechin Chromatographic examination of the faeces of catechin-fed rats [50 mg. of (+ )-catechin per rat] revealed trace amounts of m-hydroxyphenylpropionic acid and compounds 4 and 5.
In an attempt to increase the amount of catechin metabolites detected in the faeces, a high dosage rate of 200 mg. of ( + )-catechin per rat was employed but no marked increases were noted.
No phenolic metabolites were detected in the faeces of the control group receiving the standard diet without catechin supplement.
DISCUSSION
The present study shows that dietary (+ )-catechin gives rise to metabolites, including m-hydroxyphenylpropionic acid and m-hydroxyhippuric acid, in the urine when given orally to rats. Formation of these compounds is clearly dependent on the action of the gut microflora, as high oral doses of the antibacterial compounds phthaloylsulphathiazole and aureomycin suppressed their formation. When ( + )-catechin was parenterally administered, no metabolites of catechin were detectable in the urine.
Unchanged (+ )-catechin was shown to be present.
Additional support for the intestinal origin of m-hydroxyphenylpropionic acid and compounds 4 and 5 was provided by the detection of small amounts of these substances in the faeces ofcatechinfed rats. In view of the very small amounts found in the faeces, compared with the amounts detected in the urine, it is evident that they are readily absorbed through the intestinal wall. The absence of m-hydroxyhippuric acid in faecal extracts would be expected since conjugation of aroyl metabolites with glycine is known to occur in the liver. Detection of m-hydroxyphenylpropionic acid in the faeces of catechin-fed rats is in agreement with the findings of Booth & Williams (1963) , who reported that faecal extracts of the rat were able to metabolize (+ )-catechin to m-hydroxyphenylpropionic acid in vitro. A possible pathway for the formation of mhydroxyphenylpropionic acid from (+ )-catechin has already been advanced (Griffiths, 1962 ). It appears likely that the m-hydroxyhippuric acid is formed in the tissues of the rat from the m-hydroxyphenylpropionic acid by a process of a-oxidation followed by conjugation with glycine. Formation of both of these catechin metabolites would thus depend on the action of the gut microflora at a stage before the formation of m-hydroxyphenylpropionic acid.
Although substantial amounts of m-hydroxyphenylpropionic acid and m-hydroxyhippuric acid were found in the urine of most of the rats receiving catechin, other catechin metabolites (spots 4, 5, 10 and 16) were sporadic in occurrence and variable in amount. This may reflect the presence or absence of less commonly found bacterial strains or species. SUMMIARY 1. The metabolism of ( + )-catechin in the rat has been studied after oral administration and intraperitoneal administration of the compound.
2. m-Hydroxyphenylpropionic acid and mhydroxyhippuric acid were shown to be formed from orally administered (+ )-catechin. These substances were not formed when (+ )-catechin was administered in the presence of high doses of phthaloylsulphathiazole and aureomycin or when administered by intraperitoneal injection.
3. The presence of unchanged (+ )-catechin was shown in the urines of rats receiving (+ )-catechin orally or by intraperitoneal injection.
4. The presence of trace amounts of m-hydroxyphenylpropionic acid and the unidentified compounds corresponding to spots 4 and 5 were detected in the faeces of (+ )-catechin-fed rats.
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